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Figure	
  1.	
  Four	
  dynamical	
  structures	
  and	
  their	
  simplified	
  models.	
  
a)	
   GABABR1	
   receptors	
   traffic	
   in	
   dendrites	
   (first	
   presented	
   by	
   Delpiano	
   et	
   al	
   [4].	
  b)	
   Cell	
  migra>on	
   in	
   the	
   Kupffer’s	
  
vesicle.	
  c)	
  Microtubule	
  reorganiza>on	
  in	
  COS	
  cells.	
  d)	
  Cell	
  bleb	
  forma>on	
  in	
  the	
  parapineal	
  organ	
  of	
  zebra	
  fish.	
  

IntroducXon	
  

MS-­‐OF	
  improves	
  OF	
  mo>on	
  es>ma>on	
  range	
  by	
  a	
  factor	
  of	
  three,	
  and	
  the	
  performance	
  of	
  HS	
  and	
  CLG	
  
methods	
   are	
   comparable	
   at	
   least	
   in	
   the	
   case	
   of	
   >p	
   growing.	
  We	
   quan>fy	
   and	
   bound	
  OF	
   error	
   for	
  
mo>on	
   es>ma>on	
   in	
   model	
   structures.	
   These	
   results	
   can	
   be	
   used	
   directly	
   to	
   guide	
   biologists	
   in	
  
defining	
  experimental	
  spa>o-­‐temporal	
  sampling	
  acquisi>on	
  rates	
  and	
  parameter	
  serngs	
  when	
  using	
  
OF	
  for	
  mo>on	
  es>ma>on	
  and	
  segmenta>on	
  in	
  >me	
  series.	
  
	
  
When	
   compared	
   with	
   automa>c	
   tracking,	
   OF	
   shows	
   to	
   be	
   less	
   sensi>ve	
   to	
   parameters,	
   and	
   its	
  
performance	
  is	
  comparable	
  to	
  manual	
  segmenta>on	
  and	
  tracking	
  performed	
  by	
  an	
  expert.	
  

Figure	
  2.	
  OF	
  methods	
  evalua>on	
  for	
  model	
  structures	
  (sample).	
  
a)  Parameter	
  op>miza>on	
  (α)	
  for	
  CLG-­‐OF	
  method	
  in	
  the	
  >p	
  model	
  (theore>cal	
  α	
  shown	
  in	
  black).	
  
b)  Maximum	
  detectable	
  speeds.	
  
c)  OF	
  for	
  the	
  >p	
  model	
  at	
  different	
  input	
  speeds,	
  measuring	
  all	
  of	
  the	
  described	
  OF	
  methods.	
  

Figure	
   3.	
   Comparison	
   of	
   speed	
   es>ma>on	
   approaches	
   for	
  
microtubule	
  >p	
  growing.	
  Reported	
  values	
  for	
  speed:	
  
0.044	
  [µm/s],	
  std=0.018	
  [7]	
  and	
  0.08	
  [µm/s]	
  std=0.03	
  [8].	
  	
  
a)	
   Sample	
   image	
   of	
   the	
  microtubule	
   >ps	
  mo>on	
   sequence	
  
(Fig.	
   1c).	
   b)	
   OF	
   vector	
   field	
   computed	
   for	
   the	
   segmented	
  
microtubule	
   >ps.	
   c)	
   Es>mated	
   >p	
   speeds	
   with	
   the	
   tested	
  
methods,	
  using	
  the	
  best	
  parameters	
   for	
  each	
  OF	
  approach.	
  
d)	
   Frequency	
   histograms	
   of	
   es>mated	
   the	
   >p	
   mo>on	
  
speeds.	
  

I.	
  TheoreXcal	
  OF	
  parameter	
  
opXmizaXon	
  

Biological	
  systems.	
  COS-­‐7	
  cells	
  expressing	
  EB3-­‐GFP,	
  pineal	
  cells	
  expressing	
  GFP	
  and	
  dorsal	
  forerunner	
  cells	
  expressing	
  
an	
  ac>ne	
  sensor	
  in	
  zebrafish	
  were	
  studied.	
  Live	
  imaging,	
  deconvolu>on	
  and	
  restoring	
  filters	
  were	
  applied.	
  
	
  
Synthe3c	
   control	
   sequences.	
   Convolu>on	
   of	
  microscopic	
   point	
   spread	
   func>ons	
  with	
   basic	
  morphologic	
  models	
   of	
  
single	
  molecules,	
  membranes	
   and	
  protrusions.	
  Different	
  MS-­‐OF	
   approaches	
   combined	
  with	
   ac>ve	
   contour	
  models	
  
were	
  compared	
  to	
  evaluate	
  vector	
  fields	
  for	
  mo>on	
  es>ma>on	
  and	
  object	
  segmenta>on/tracking.	
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We	
  show	
  that	
  the	
  parameters	
  of	
  the	
  OF	
  methods	
  can	
  be	
  automaXcally	
  tuned,	
  in	
  order	
  to	
  increase	
  moXon	
  range	
  
and	
   precision.	
   Next,	
   we	
   compare	
   our	
   OF	
   results	
   with	
   standard	
   methods	
   used	
   by	
   biologists	
   (like	
   tracking)	
   to	
  
compute	
  speed,	
  upon	
  manual	
  and	
  automaXc	
  segmentaXon.	
  	
  

t=1	
   t=2	
  

2.	
  For	
  the	
  HS-­‐OF	
  itera>ve	
  scheme,	
  	
  

	
  	
  	
  	
  	
  	
  is	
  important	
  in	
  areas	
  where	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  ,	
  and	
  thus	
  its	
  
value	
   should	
   be	
   equal	
   to	
   the	
   gradient	
   in	
   the	
   areas	
   of	
  
interest.	
  

3.	
  	
  For	
  the	
  CLG-­‐OF,	
  a	
  similar	
  argument	
  can	
  be	
  presented:	
  	
  

	
  	
  	
  	
  is	
  important	
  in	
  areas	
  where	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  ,	
  thus	
  its	
  value	
  
should	
  be	
  equal	
  to	
  the	
  gradient	
  in	
  the	
  areas	
  of	
  interest.	
  	
  

Note	
  that	
  	
  	
  	
  	
  	
  	
  from	
  HS-­‐OF	
  is	
  different	
  than	
  CLG-­‐OF,	
  being	
  

1.	
  For	
  LK-­‐OF,	
  the	
  key	
  step	
  is	
  the	
  inversion	
  of	
  the	
  2x2	
  matrix,	
  A.	
  
The	
  condi>on	
  number	
  	
  	
  	
  	
  	
  quan>fies	
  the	
  upper	
  bound	
  error	
  [5].	
  

where	
  	
  	
  denotes	
  the	
  eigenvalues	
  of	
  matrix	
  A	
  (func>on	
  of	
  the	
  
edges	
  of	
  the	
  image).	
  Pixels	
  where	
   	
   	
   	
   	
   	
   	
   	
  will	
  have	
  bounded	
  
confidence.	
  Therefore,	
  selec>ng	
  those	
  pixels	
   in	
  the	
  area	
  of	
  
interest	
  limits	
  the	
  measurement	
  error.	
  	
  

“Real”	
  speed	
  

mean=.055	
  
std=.022	
  

Tracking-­‐es>mated	
  speed	
  

mean=.15	
  
std=.051	
  

A	
  key	
  ques>on	
  to	
  quan>fy	
  mo>on	
  is	
  to	
  determine	
  the	
  
movement	
  of	
  each	
  pixel…	
  

If	
  we	
  assume	
  grey	
  value	
  constancy	
  between	
  two	
  successive	
  
images	
  at	
  >me	
  t	
  and	
  >me	
  t+1,	
  or	
  

the	
  search	
  for	
  the	
  “best”	
  movement	
  of	
  each	
  pixel	
  (u,v)	
  pixel,	
  
can	
  be	
  formulated	
  as	
  a	
  minimiza>on	
  problem	
  for	
  f(u,v),	
  

Look	
  for	
  (u,v)	
  vectors	
  which	
  are	
  similar	
  in	
  a	
  small	
  image	
  
region	
  p,	
  giving	
  more	
  importance	
  to	
  the	
  center,	
  

In	
  computer	
  vision,	
  methods	
  to	
  minimize	
  f(u,v)	
  have	
  been	
  
proposed	
  assuming	
  different	
  constraints.	
  

Solu>ons	
  for	
  (u,v)	
  are	
  required	
  to	
  be	
  also	
  smooth,	
  

Solu>ons	
  for	
  (u,v)	
  are	
  required	
  to	
  give	
  more	
  importance	
  
to	
  the	
  local	
  informa>on	
  and	
  also	
  to	
  be	
  smooth,	
  

Lucas	
  &	
  Kanade	
  LK-­‐OF	
  [1]	
  

Horn	
  &	
  Schunck	
  HS-­‐OF	
  [2]	
  

Bruhn	
  et	
  al.	
  CLG-­‐OF	
  [3]	
  

Time	
  1	
  

Time	
  2	
  

In	
  order	
  to	
  apply	
  OF	
  methods	
  in	
  biological	
  problems,	
  it	
  is	
  important	
  to	
  know:	
  

(i)  their	
  limits	
  (minimum/maximum	
  speed,	
  error),	
  in	
  order	
  to	
  correctly	
  setup	
  experimental	
  condiXons	
  like	
  sampling	
  rate.	
  	
  

(ii)  how	
  to	
  esXmate	
  opXmal	
  method	
  parameters.	
  

From	
  our	
  model	
  scenarios,	
  we	
  consider	
  the	
  case	
  of	
  >p	
  growing	
  or	
  filopodia	
  (Fig.	
  1c).	
  
First,	
  we	
  use	
  the	
  error	
  in	
  the	
  speed	
  es>ma>on	
  to	
  find	
  an	
  op>mal	
  parameters	
  set	
  when	
  using	
  OF	
  methods	
  (Fig.	
  2a),	
  
and	
  then	
  we	
  test	
  the	
  range	
  of	
  maximum	
  speeds	
  we	
  were	
  able	
  to	
  detect	
  with	
  OF	
  (Fig.	
  2b).	
  	
  

Microtubule	
  network	
   is	
  highly	
  dynamic	
  and	
   it	
  has	
  been	
  shown	
   that	
   it	
  has	
  a	
   typical	
  growing	
  speed	
  due	
   to	
   the	
  
underlying	
  molecular	
  mechanism.	
  
Our	
  goal	
   is	
   to	
  verify	
   that	
   the	
  >p	
  speed	
  can	
  be	
  retrieved	
  using	
  OF,	
  and	
  show	
  the	
  advantages	
  of	
   the	
   technique	
  
when	
  compared	
  with	
  the	
  standard	
  technique	
  of	
  manually	
  marking	
  and	
  measuring	
  the	
  displacement	
  of	
  each	
  >p.	
  
	
  

OF-­‐es>mated	
  speed	
  

mean=.051	
  
std=.029	
  

Results	
  

II.	
  Numerical	
  evaluaXon	
  of	
  OF	
  methods	
  and	
  parameter	
  selecXon	
  for	
  syntheXc	
  models	
  

III.	
  ApplicaXon	
  to	
  microtubule	
  Xp	
  growing	
  (speed	
  detecXon)	
  

Conclusion	
  

MulX-­‐scale	
  CLG	
  (MS-­‐CLG)	
  yields	
  the	
  largest	
  range	
  and	
  lowest	
  error:	
  12	
  pixels/frame,	
  error	
  <	
  1.	
  pixel.	
  
For	
   instance,	
   if	
  a	
  pixel	
  corresponds	
  to	
  0.04	
  [µm]	
  (63x	
  objecXve),	
  an	
  accurate	
  measurement	
  for	
  a	
  movement	
  of	
  
0.08	
  [µm/s]	
  requires	
  at	
  least	
  1	
  image	
  acquired	
  each	
  6	
  seconds.	
  	
  

A	
  pixel’s	
  moXon	
  is	
  represented	
  with	
  a	
  vector	
  (u,v).	
  Over	
  an	
  
image	
  this	
  forms	
  a	
  vector	
  field.	
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Microtubule	
  >p	
  segmenta>on	
  approach:	
  
•  First,	
  automa>cally	
  segment	
  microtubule	
  >p	
  using	
  an	
  intensity	
  threshold	
  on	
  the	
  images.	
  
•  Second,	
  manual	
  refinement	
  leaving	
  only	
  the	
  >ps	
  that	
  appear	
  in	
  three	
  consecu>ve	
  frames.	
  
	
  
We	
  compare	
  different	
  speed	
  esXmaXon	
  approaches	
  for	
  Xp	
  moXon:	
  
•  Manual	
  segmentaXon 	
  +	
  standard	
  tracking	
  ImageJ	
  plug-­‐in	
  [6].	
  
•  AutomaXc	
  segmentaXon 	
  +	
  OF	
  with	
  opXmum	
  parameters	
  
•  AutomaXc	
  segmentaXon 	
  +	
  standard	
  tracking	
  ImageJ	
  plug-­‐in.	
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CLG	
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c)	
  

1Laboratory	
  for	
  Scien>fic	
  Image	
  Analysis	
  (SCIAN-­‐Lab),	
  2Laboratory	
  of	
  Cellular	
  and	
  Molecular	
  Neurobiology,	
  and	
  3Laboratory	
  of	
  Experimental	
  Ontogeny	
  (LEO)	
  at	
  Biomedical	
  Neuroscience	
  Ins>tute	
  (BNI)	
  
and	
  Faculty	
  of	
  Medicine;	
  4Department	
  of	
  Computer	
  Sciences	
  (DCC)	
  at	
  Faculty	
  of	
  Physical	
  and	
  Mathema>cal	
  Sciences;	
  Universidad	
  de	
  Chile.	
  5Universidad	
  de	
  Granada.	
  

Materials	
  &	
  Methods	
  

Cell	
   migra>on,	
   forma>on	
   of	
   cellular	
   protrusions	
   (e.g.	
   blebs,	
   filopodia),	
   and	
   structural	
   reorganiza>on	
   are	
   important	
   phenomena	
   in	
   cell	
  
biology.	
  Precise	
  quan>fica>ons	
  of	
  movement/deforma>on	
  are	
  crucial	
  to	
  understand	
  these	
  processes	
  at	
  different	
  levels	
  of	
  organiza>on.	
  We	
  
apply	
   computer	
   vision	
  methods	
   for	
   combined	
   op>cal	
   flow	
   (OF)	
   and	
  mul>-­‐scale	
   (MS)	
   mo>on	
   es>ma>on	
   of	
   membrane	
   transla>ons,	
   end	
  
growing	
   and	
  protrusion	
   forma>on	
   in	
   fluorescence	
  microscopy	
   images.	
   For	
   these	
   cases	
  we	
  bound	
  OF	
   error	
   and	
  op>mal	
   sampling	
   rate,	
   in	
  
order	
   to	
   guide	
   biologists	
   on	
   their	
   experimental	
   condi>ons.	
   We	
   also	
   show	
   the	
   advantages	
   of	
   OF	
   methods	
   compared	
   with	
   manual	
  
segmenta>on	
  and	
  tracking.	
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We	
  propose	
  how	
  to	
  address	
  both	
  ques>ons	
  in	
  five	
  cases	
  that	
  represent	
  any	
  cell	
  deforma>on,	
  as	
  shown	
  in	
  the	
  next	
  sec>on.	
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